Abstract: The aim of this study is to evaluate the diagnostic value of shear wave elastography (SWE) added to conventional ultrasound (US) in the diagnosis of small ( 2 cm) breast cancer.
INTRODUCTION

S
creening for breast cancer focuses on detecting occult small cancer at an early stage, negative lymph node status without distant metastasis. Nowadays, breast ultrasound (US) has become an invaluable method for the detection of lesions, especially in women with dense breasts. Numerous independent studies have demonstrated that adding US to screening in women with dense breast tissue at mammography will yield additional 2.3 to 4.6 mammographically occult cancers per 1000 women. 1, 2 Mammographically occult cancers detected on breast US are generally small node-negative invasive cancers. 3 However, there is a considerable overlap of sonographic features between benign and malignant masses. Therefore, a large number of biopsies are still performed for benign abnormalities.
Elastography is an interesting imaging tool that reflects the tissue stiffness, which enables characterization of lesions. Among the various methods for performing elastography, the quantitative technique of shear wave elastography (SWE) depends less on the individual operator and is highly reproducible. [4] [5] [6] Many recent studies suggest that SWE improves the diagnostic accuracy and the specificity of conventional US alone in the diagnosis of breast lesions. [7] [8] [9] [10] However, several studies have observed that small breast cancers are not as stiff as larger cancers, indicating that tumor size as well as the specific histological type can also affect the stiffness value. 11, 12 In contrast, it has been reported that the diagnostic performance of static elastography was better than that of conventional US in the characterization of small masses (1 cm), since tissue stiffness is an intrinsic material property and should not depend on the mass size. [13] [14] [15] To our knowledge, there are no reports on the determination of the diagnostic performance of SWE added to conventional US, especially focused on small breast lesions. Because tumor size is one of the most important prognostic factors for breast cancer, we evaluated whether adding shear wave elastographic features could improve the accuracy of the sonographic assessment of small ( 2 cm) lesions.
METHODS
Patients and Inclusion Criteria
From June 2012 to June 2013, 410 consecutive patients underwent SWE before US-guided core needle biopsy (CNB) or surgical excision for breast lesions visible on conventional US. An Institutional Review Board (IRB) approved our Editor: Yi Shu.
retrospective study and neither patient approval nor informed consent was required for the review of medical records or radiological images.
After excluding the patients who had breast lesions larger than 2 cm, we assessed 171 patients aged 21 to 88 years (mean, 45.17 AE 9.37 years) with 177 breast lesions which size was smaller than or equal to 2 cm. Forty-one (24.0%) of the patients were symptomatic, presenting with symptoms such as palpable breast mass (n ¼ 36), breast pain (n ¼ 2), or nipple discharge (n ¼ 3). The remaining 130 patients (76%) were asymptomatic. One hundred thirty two patients had performed mammograms simultaneously with breast US examinations, among which 122 patients had dense breasts (93.1%). According to the American College of Radiology (ACR) Breast Imaging Reporting and Data System (BI-RADS), the 177 breast lesions were categorized as follows: 57 (32.2%) lesions were category 3, 94 (53.1%) lesions were category 4a, 13 (7.3%) lesions were category 4b, 8 (4.5%) lesions were category 4c, and 5 (2.8%) lesions were category 5.
US Examinations
Conventional US and SWE images were obtained using the Aixplorer1 system (Supersonic Imagine, Aix en Provence, France), equipped with a 4-15 MHz linear-array transducer by 1 of 3 board-certified radiologists each with 5 to 10 years' experience in breast US and at least 1 month experience performing SWE on solid breast lesions before enrolling their first participant. All radiologists were well informed of the clinical information or mammographic findings of the patient before US examinations. Lesion size and location were recorded by the radiologist. After conventional US, SWE imaging was obtained by the same radiologist. The transducer was applied very lightly to the skin above the lesion with a generous amount of transducer jelly. And it was held still for 5 to 10 seconds to let the SWE image stabilize, and an elastography image displaying abnormal stiffness clearly without pressure artifacts was frozen and saved. The built-in-region-of-interest (ROI) (Q-box; Supersonic Imagine) of the system was set to include the mass and the surrounding breast parenchyma tissue, which demonstrated a semitransparent color map of tissue stiffness overlaid on the B-mode image with a range of dark blue, indicating lowest stiffness, to red, indicating the highest stiffness (0-180 kPa). Quantitative elasticity values were measured in all cases using two 2-mm-diameter circular quantification ROIs. One was placed by an investigator on the stiffest part of the mass, and included some tissue adjacent to the stiffest part. And the other ROI was placed on the normal fatty tissue. The system automatically calculated and visualized the maximum elasticity (E max ), mean elasticity (E mean ), standard deviation, and elasticity ratio (E ratio ), which is the ratio of E mean value in the stiffest portion of the mass to the E mean value of normal fatty tissue.
Statistical Analysis
The histopathological report was regarded as standard reference. Of the BI-RADS US final assessment based on conventional US, category 3 was considered negative, while category 4a and higher was considered positive, since masses of these categories warrant biopsy. Statistical analyses were performed using the SPSS 20.0 software package (SPSS, Chicago, IL) and MedCalc version 10.1.6 (MedCalc software, Mariakerke, Belgium). An independent two sample t test was used for comparisons of continuous variables between benign and malignant groups. For evaluating the diagnostic performance of each quantitative SWE parameter, analyses of the receiver operating characteristic (ROC) curves were applied. Optimal cutoff values for each quantitative SWE parameter were calculated. The sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy using the cutoff values were measured. Area under the ROC curves (A z ) using the calculated cutoff for each parameters were obtained to compare the diagnostic performances of conventional US and US combined to SWE.
RESULTS
General Characteristics of Small Breast Lesions
Of the 177 lesions, there were 88 lesions (49.7%) smaller than or equal to 1 cm and 89 lesions (50.3%) between 1 and 2 cm in diameter. Twenty-two (12.4%) were malignant and 155 (87.6%) were benign, as confirmed by US-guided CNB (14-gauge automated gun or 11-gauge vacuum assisted biopsy) (n ¼ 145) or surgical excision (n ¼ 32). Malignant masses included invasive ductal cancer (IDC) (n ¼ 17), ductal carcinoma in situ (DCIS) (n ¼ 4), and mucinous carcinoma (n ¼ 1). The most common histologic findings in 155 benign breast lesions were fibroadenoma (n ¼ 37) ( Table 1 ). The mean size of malignant masses was 1.1 AE 0.44 cm, and that of benign masses was 1.1 AE 0.42 cm (P ¼ 0.1). All benign lesions remained stable during the follow-up period (mean 18.5 months, range 13-20 months).
Comparing the SWE Values of Benign and Malignant Breast Lesions
All average quantitative SWE values were significantly higher in malignant lesions comparing with benign lesions (P ¼ 0.001). Malignant lesions had an average E max of 123.28 kPa AE 98.03, whereas benign lesions demonstrated an average E max of 45.56 kPa AE 33.75 (P ¼ 0.001). The highest average E max was noted in IDC (136.0 kPa AE 99.5). DCIS showed lower elasticity values than IDC with an average E max of 92.5 kPa AE 56.3 and mucinous carcinoma showed an extremely low E max of 29.9 kPa.
There was 1 malignancy among 46 lesions with E max of 20 kPa or less. There were 4 cancers among 19 lesions with E max of greater than 20 to 30 kPa or less. Among the 8 stiffest lesions with E max of 160 kPa or greater, 6 (75%) were cancers and all of them were IDC. Histopathological results and SWE quantitative values including E max and E mean are listed in Table 1 Most benign lesions had an average E max less than 60 kPa. But, the average E max was 82.7 kPa AE 19.6 for chronic inflammation, 88.7 kPa AE 60.5 for lobular carcinoma in situ (LCIS), and 62.1 kPa AE 47.8 for intraductal papilloma, respectively.
Subcentimeter-sized ( 1 cm) breast lesions showed lower mean E max (40.2 kPa AE 31.5) than the mean E max (70.6 kPa AE 63.1) for the larger lesions (>1 cm) (P ¼ 0.001). There was no statistical significant difference of the mean E max between benign (40.6 kPa AE 32.0) and malignant lesions (36.4 kPa AE 26.8) for subcentimeter-sized group (P ¼ 0.1).
Diagnostic Performance of SWE Based on ROC
Malignancy rates for each BI-RADS US categories are as follows; 0.0% (0/57) for category 3, 5.3% (5/94) for category 4a, 30.8% (3/14) for category 4b, 100.0% (8/8) for category 4c, and 100.0% (5/5) for category 5. With respect to conventional US, when a cutoff point between category 3 and 4a was used, BI-RADS US showed 100% (22/22) (Figure 1 ).
False-Positive and False-Negative Lesions on SWE
When applying an optimal cutoff of E max 87.5 kPa, 20 out of 155 benign breast lesions (12.9%) were falsely positive, with E max values ranging from 90.1 to 192.2 kPa. The average size of these lesions was 12.33 AE 3.95 mm. One mass was categorized as BI-RADS category 3, 16 as category 4a, and 3 as category 4b.
Among the 22 malignant lesions, 7 (31.8%) were determined to be falsely negative by SWE, with E max values ranging from 15.7 to 42.9 kPa. They included 5 IDC, 1 DCIS, and 1 mucinous cancer. Among 5 IDCs, 3 were minimally invasive cancers. The average size of these lesions was 7.71 AE 1.92 mm. All but one was smaller than 1 cm. Characteristics of false-negative breast lesions are summarized in Table 2 and an example is shown in Figure 2 .
Effects of Combining of SWE Features to BI-RADS Category 4a Lesions
Various E max values were selectively added to small breast lesions with a BI-RADS category 4a to determine whether SWE could increase the specificity of conventional US and decrease the benign biopsy rate. By applying an E max 87.5 kPa for downgrading soft category 4a lesions to category 3, 76 from the 94 category 4a lesions (80.9%) were downgraded to category 3. We could reduce 75.5% (71/94) unnecessary biopsies from the 94 category 4a lesions, but 5 cancers were missed. After downgrading, the malignancy rate of category 3 lesions increased from 0% (0/55) to 3.8% (5/133) (P ¼ 0.01). When we downgraded category 4a lesions with an E max 50 kPa to category 3, 57 cases including 5 cancers were downgraded (60.6%). As a result, the malignancy rate of reclassified category 3 increased from 0% to 4.4% (5/114) (P ¼ 0.05). By using the most conservative strategy of an E max 20 kPa 
DISCUSSION
As expected, we found that the quantitative SWE values were significantly higher in malignant masses than in benign masses. 7, 12, 16 Mean values of E mean and E max were 38.7 and 45.6 kPa for benign masses and 99.6 and 123.3 kPa for malignant masses (P ¼ 0.001). Chang et al 12 reported that these significant differences were noted in all subcategorized groups classified by lesions size. However, in this study, there was no statistical significant difference of the mean E max between benign (40.6 kPa AE 32.0) and malignant lesions (36.4 kPa AE 26.8) in subcentimeter-sized group (P ¼ 0.1). Our results might be because the characteristic of histolopathologic subtypes of benign and malignant groups. Subcentimeter-sized malignant masses included DCIS, mucinous cancer, and several minimally invasive low-grade invasive cancers which showed the low elasticity value. Early stage of breast cancers and specific tumor types such as mucinous cancer were reported to be the causes of false-negative elastography. 17, 18 In contrast, the mean elasticity values of chronic inflammation and intraductal papillomas were relatively high. These findings are in agreement with the results of previous study by Scaperrotta et al. 17 They found the cases of chronic mastitis, adenosis, and intraductal papilloma in the subset of false-positive elastography but further studies with large population should be performed to find out the factors causing false-positive findings.
According to our study, the E max value with a cutoff of 87.5 kPa had the highest A z value compared with other quantitative SWE parameters, which was similar to results by Berg et al 16 and Yoon et al. 9 For SWE, relatively high sensitivity and specificity (68.1%, 87.1%) were achieved with E max , and they were in the range of previously published data. 12, 16, 19 After combining SWE with conventional US, the sensitivity decreased from 100% to 77.3%, and the specificity increased from 36.8% to 82.6% as we expected. However, the areas under the ROC curves (A z value) significantly decreased from 0.913 to 0.861 (P ¼ 0.02). These results are in conflict with those of many studies that show that SWE improves the performance of conventional US when combined with it. Several studies 15, 20 have reported that the sensitivities of conventional US and strain elastography were similar for diagnosis of small breast cancers and the sensitivity of the 2 modalities combined improved remarkably. They thought that strain elastography is valuable in detecting small malignant lesions which are difficult to diagnose with conventional US. Although, their studies were focused on small masses of less than 2 cm, the proportion of the masses less than 1 cm, and between 1 and 2 cm was different from our study population. While 49.7% (88/177) of subcentimeter-sized lesions were included in our study, they included only 22% (70/308) of subcentimeter-sized lesions. In addition, as we know, static elastography is operator dependent and a substantial amount of interobserver variability can occur during data acquisition. In addition, the A z value of conventional US alone was quite high, probably because of the long-term experience of the breast radiologists in our institution. From this reason, it might be difficult for new imaging technique like SWE to improve the overall diagnostic performance.
Most recent studies have concluded that US elastography might be useful for further characterization of the lesions with low suspicion and thereby reducing the number of biopsies in this subset, leading to substantial cost savings. 21 Because the elastography evaluation should not override the more predictive morphologic features of malignancy for patient management, we calculated the effect of downgrading with SWE only for BI-RADS category 4a lesions. In this study, more than half of lesion (53.1%) was classified as BI-RADS category 4a and malignancy rate was 5.3%. We agree that the additive role of SWE is important in minimizing the number of benign category 4a lesions. However, we favored the conservative strategy that no malignancies would be downgraded to category 3. While we could reduce 75.5% of unnecessary biopsies in BI-RADS category 4a lesions by downgrading to BI-RADS category 3 with optimal cutoff value, 5 malignancies were unfortunately missed. All of them were smaller than 1 cm and 3 of them were minimally invasive breast cancers. Although missed cancers might be found to still carry a favorable prognosis that is equivalent to that of cancers detected by screening, the malignancy rate of category 3 lesions increased from 0% to 3.8% by this application, which is more than the recommended rate for BI-RADS category 3. Only after we used the most conservative strategy of an E max 20 kPa for downgrading to category 3, the malignancy rate of reclassified BI-RADS category 3 was 1.3%, which was within 2%. It is not simple which cutoff value we should choose for downgrading to reduce false-positive rate while not downgrading cancers. As Vinnicombe et al 22 documented, soft invasive cancers are frequently small ( 10 mm), low grade and screen detected, ''softness'' on SWE should not raise the threshold for biopsy when assessing small masses.
Besides intrinsic soft tissue characteristics of small breast cancers, we should be aware of the limitations of SWE. Based on previous reports, 10.3% to 15.1% of benign or malignant masses show SWE features that do not fit with the histopathological diagnoses, leading to false-positive or false-negative SWE results. 12 The factors that have an effect on false-positive or false-negative elastography results were reported in a study by Chang et al. 23 They found clinical factors such as dense breast parenchyma on mammography, breast thickness at the location of the lesion, lesion size and image quality showed significance in discordant images of elastography. Considering that 75.1% of our study population was asymptomatic and most of them had dense breast tissue on mammography, our SWE performance also could be affected by such clinical factors. As parenchymal tissue is known to attenuate shear waves, it would be difficult to differentiate small breast cancer from adjacent dense breast parenchyma on SWE. Therefore, in clinical settings using supplemental screening US in women in dense breasts, radiologists need to consider these clinical factors when performing and interpreting SWE examinations.
This study has several limitations. First, we did not assess the interobserver and intraobserver variability in data acquisition and interpretation. Second, radiologists could not evaluate conventional US and SWE images in an independent manner, as the SWE image acquisition and measuring of quantitative values were performed by the same radiologist. Third, the study population was relatively small and thus this result did not provide a complete representation of all histologic types of benign and malignant breast lesions. In addition, a multivariate analysis for evaluating various factors was not performed. Therefore, for this result to be clinically useful, a large prospective study should be performed in the future.
In conclusion, SWE might be useful for increasing the specificity and reducing the number of unnecessary biopsy for the diagnosis of small breast cancers. However, we should be careful before deciding to recommend follow-up or biopsy for a small breast lesion on the basis of SWE features, to minimize false-negative cases.
